-tmeda). Ethylene is primarily dimerized to butenes, which qualitatively parallels the reactivity observed for tmeda-free solutions of 2-dmso, but tmedacoordinated Ni(II)-alkyl complexes appeared unreactive, i.e., dormant, toward ethylene. Carrying out the aforementioned reaction under aqueous conditions revealed that hydrolysis of Ni(II)-Me species to methane is a relevant deactivation pathway of the catalyst precursor, which clearly contrasts the reactivity observed in the absence of tmeda. Observed pseudo-first-order rate constants of overall disappearance of 1-tmeda split into two independent contributions according to k obs,Me,1-tmeda = k ins,Me,1-tmeda + k hydr,1-tmeda [water] , k hydr,1-tmeda =1.9 Â 10 -4 M -1 s -1
, and k ins,Me,1-tmeda ≈ 2.4 Â 10 -4 M -1 s -1 (∼0.1 M [C 2 H 4 ]). Determination of activation parameters of the bimolecular elimination of ethane from 1-tmeda (ΔH q = 97 ( 7 kJ mol -1 and ΔS q ≈ -5 J mol -1 K
Introduction
Olefin polymerization by complexes of d 8 metals (late transition metals) has been studied intensely in the past decade.
1 A major motivation is the functional group tolerance of these catalysts, by comparison to their much more oxophilic early transition-metal counterparts. Thus, ethylene and 1-olefins can be copolymerized with electron-deficient polar monomers such as acrylates to higher molecular weight polymers. 2, 3 Acrylates can be homooligomerized by an insertion mechanism, 4 and polymerizations can be carried out in aqueous emulsions. 5 These studies prompted renewed interest in neutral nickel(II) ethylene polymerization catalysts. [6] [7] [8] [9] The perhaps most prominent class of neutral Ni(II) polymerization catalysts are salicylaldiminato complexes. (M= Ni, Pd; tmeda= N, N, N 0 , 6h,p,q,7c-m,12-14 The tmeda ligand is relatively labile, and in the presence of other coordinating species L, the corresponding complexes [(N,O)NiCH 3 (L)] can be formed (e.g., L= pyridine, phosphines, primary amines).
7 Due to their reactivity and lability, the tmeda species are also precursors to highly active catalysts.
7g,14a However, the nature and properties of the [(N,O)NiCH 3 (tmeda)] species are unclear. We now report the results of comprehensive NMR studies of this issue.
Results and Discussion
Reactions of [(tmeda)Ni(CH 3 ) 2 ] with salicylaldimines (N,O)H proceed straightforwardly and intrinsically introduce the weakly coordinating bidentate ligand N,N,N 0 ,N 0 -tetramethylethylenediamine, tmeda, to the product complexes [(N,O)NiCH 3 (tmeda)] (eq 1). The particular salicylaldimine (N,O)H = 2,6-(3,5-(F 3 C) 2 C 6 H 3 ) 2 C 6 H 3 -NdCH-(3,5-I 2 -2-OH-C 6 H 2 ) was chosen for this study, as Ni(II) complexes of this ligand are longlived, robust, and very active precatalysts for ethylene polymerization. 5e,5f,7h,13 Polymerization experiments carried out at precatalyst loadings of 1 μmol of 1-tmeda in toluene solution at 20°C revealed that overall catalytic activities (measured in units of mol(C 2 H 4 ) mol(1-tmeda)
) are nearly independent of the ethylene concentration in the pressure range from 10 bar (3.0 Â 10 4 TO h ). This indicates that under these conditions tmeda does not compete with monomer binding to the metal center. A highly linear semicrystalline polyethylene is obtained, with, for example, a molecular weight of M n =1.5 Â 10 5 g mol -1 (M w /M n =2.5, ca. 50% crystallinity; prepared at 30 bar). H NMR spectrum entirely identical to that observed for 1-tmeda in dmso-d 6 , consistent with the partial ligand exchange of (deuterated) dmso by tmeda and the formation of a tmedacoordinated Ni(II)-methyl complex. Further, the Ni(II)-methyl species observed at -1.79 ppm became the dominant species (with a molar fraction x > 0.9) after the addition of 3 equiv of tmeda to either sample ( Figure S3 , SI), which shifts the equilibrium concentrations between dmso-and tmeda-coordinated Ni(II)-methyl complexes in favor of the latter.
1 H NMR, and 2D ROESY data in particular, reveal the coordination of tmeda to the Ni(II)-alkyl moiety to occur preferentially in a κ 2 -fashion with the salicylaldiminato ligand κ 1 -coordinated (1-κ 2 -tmeda, Scheme 1) in dmso-d 6 solution, surprisingly. This coordination mode contrasts with the known observation that tmeda can be facily replaced from [(N,O)NiMe(tmeda)] species by ligands such as L=pyridine or phosphine to afford the
7c,e,f,h,k-m This unexpected structure is clearly evident from, first, the κ 2 -coordination of tmeda in 1-κ 2 -tmeda rendering the N-CH 3 groups inequivalent, and distinct 1 H NMR resonances were observed at 2.36, 2.01, 1.82, and 1.64 ppm ( Figure S1 , SI). 2D ROESY data indicate that the N-methyl groups of the κ 2 -tmeda ligand are subject to (i) self-exchange and (ii) exchange with free tmeda from solution. Both processes proceed slowly on the NMR chemical shift time scale. Distinct dipolar protonproton couplings of all four N-methyl to the imine and Ni(II)-methyl protons as well as to the four ortho protons of the trifluoromethyl-substituted phenyl rings of the terphenylaniline unit 2,6-(3,5-(F 3 C) 2 C 6 H 3 ) 2 C 6 H 3 ( Figure S2 , SI) are in agreement with unhindered rotation around the C 1 -C 7 and N-C 8 bond (C 1 -HC 7 dN-C 8 , see Scheme 1). Second, particular cross-peaks were observed by 2D ROESY consistent with dipolar coupling of Ni(II)-methyl and imine protons for 1-κ 2 -tmeda ( Figure The equilibrium constant
) was determined in the temperature range from 27 to 80°C by 1 H NMR spectroscopy. The formation of 1-κ 2 -tmeda is thermodynamically favored over the solvent species 1-dmso; values of K Me (T) increased from 2.9 Â 10 -3 to 4.0 Â 10 -2 over the temperature range studied (27 to 80°C). Linear regression of a plot of ln(K Me (T)) vs reciprocal temperatures provided a reaction enthalpy ΔH°o f 44 ( 1 kJ mol
, and a difference of the free enthalpies of 1-κ 2 -tmeda and 1-dmso, ΔG°=15 kJ mol -1 , was calculated from K Me (T) at room temperature ( Figure S4, SI) .
Presumably, 1-κ 2 -tmeda and 1-dmso equilibrate via the Ni(II)-methyl species 1-κ 1 -tmeda (Scheme 1). The latter was not observed in dmso-d 6 solution, but studies of 1-tmeda in methanol-d 4 and toluene-d 8 
In agreement with the assumed formation of a dinuclear nickel species in the ratedetermining step of ethane formation, the activation entropy was found to particularly contribute to the free activation enthalpy. Analogous kinetic studies of the decomposition of 1-tmeda to ethane 17 ( Figure S5 , SI) revealed a similar free activation enthalpy ΔG q (298 K) ≈ 99 kJ mol -1 but considerably different activation parameters ΔH q = 97 ( 7 kJ mol
and ΔSq ≈ -5 J mol -1 K -1 (Figure 1) . A tentative explanation for this observation is that the required breaking of the Ni(II)-N bond(s) to tmeda accounts for the relatively higher activation enthalpy. This is, however, partially compensated by an overall activation entropy, which is quite high (low negative value) given the bimolecular nature of the overall reaction (Scheme 2). The specific bidentate property of tmeda by comparison to dmso apparently affects the rate-determining step. Possibly, dissociation of the five-ring κ 2 -tmeda chelate (the rigidity of which is also evidenced by its NMR spectroscopic properties, see above), which results in a gain of conformational degrees of freedom, occurs in a concerted fashion with the ratedetermining step of the deactivation reaction. The potential bridging coordination of tmeda may also affect the bimolecular reaction.
Reactivity of 1-tmeda toward Ethylene and Water in dmso Solution. Chain growth by ethylene insertion is a key step in the utilization of salicylaldiminato complexes as polymerization catalysts. Exposure of dmso-d 6 solutions of 1-tmeda (15-30 mM) to ethylene (∼0.1-0.2 M) in an NMR tube at T=55°C resulted in the partial reaction of 1-dmso and 1-κ 2 -tmeda to form propylene and Ni(II)-ethyl species (at an overall conversion of Ni(II)-Me e 10%). The latter are the resting state of catalytic ethylene dimerization to butenes, which results in gradual consumption of ethylene. This qualitatively parallels the behavior reported previously 13 for tmeda-free solutions of 1-dmso toward ethylene in dmso. In the latter case, propylene was formed with a pseudo-first-order rate k ins,Me = (6.8 ( HCdN-) , -0.39 (triplet, 3 J H-H = 7.2 Hz) and 13.5 (Ni(II)-CHHCH 3 ), and -0.89/-1.02 (as broad multiplets each) and -1.5 (Ni(II)-CHHCH 3 ) ppm. By comparison to the NMR spectroscopic data obtained for 1-κ 2 -tmeda, the Ni(II)-ethyl species was assigned as the κ 2 -tmeda-coordinated complex 2-κ 2 -tmeda on the basis of the significant low-field shift of the imine resonance observed at 11.71 ppm as opposed to 8.21 ppm for 2-dmso, and the inequivalence of the R-methylene Figure S6 , SI). The very low degree of conversion of 1-tmeda into 2-κ 2 -tmeda (e5%) unfortunately precluded detection of the corresponding resonances of the tmeda-ligand in both 1 H and 2D NMR spectra.
The R-methylene protons of 2-κ 2 -tmeda are subject to interconversion, as monitored in the temperature regime of slow exchange by 2D ROESY and nuclear Overhauser effect spectroscopy (NOESY) methods. Notably, the interconversion of R C and β C moieties of 2-κ 2 -tmeda appears to proceed very slowly (if at all), and no indicative exchange cross-peaks were observed by 2D NOESY or ROESY as opposed to the dynamics of 2-dmso. However, positive cross-peaks between the β-methyl proton resonances indicate that a slow ligand exchange occurs between 2-dmso and 2-κ 2 -tmeda (Scheme 3, Figure S7 , SI). 18 As observed for Ni(II)-methyl species (17) Second-order rate constants k Me-Me,1-tmeda (T) were determined by 1 H NMR spectroscopic monitoring of the time-dependent decrease of the total Ni(II)-CH 3 integral of 1-tmeda (as the sum of 1-κ 2 -tmeda and 1-dmso) for temperatures from 55 to 80°C ( Figure S5 ).
(18) According to the exchange cross-peaks observed, the interconversion of R C and β C moieties of 2-dmso and the ligand exchange with 2-κ 2 -tmeda apparently occur at similar rates on the time scale of the mixing times τ mix applied in the 2D spectra.
(see above), tmeda has a considerably higher binding affinity toward the Ni(II)-ethyl species than dmso, and a value of ∼3 Â 10 was determined from the y-intercept (Figure 4 ), corresponding to a second-order rate constant k hydr,1-tmeda = 1.9 Â 10
That hydrolysis occurs to a significant extent contrasts the behavior of the analogous tmeda-free system, 13 for which hydrolysis could be detected under appropriate conditions, but only represents a minor reaction pathway (only trace amounts of CH 3 D gradually formed under otherwise identical reaction conditions). Apparently, tmeda species are actively involved in hydrolysis reactions. Presumably, the hydrogen-bonding capability of free amines is relevant in this context. For example, hydrogen bonding of water to the noncoordinated amine group in the intermediately occurring 1-κ 1 -tmeda may promote the coordination of water and hydrolysis reactions.
Consideration of k hydr,1-tmeda in the calculation of pseudofirst-order insertion rate constants k ins,Me,1-tmeda (corrected for hydrolysis) from the kinetic data determined in the presence of water according to k obs,Me,1-tmeda =k ins,Me,1-tmeda + k hydr,1-tmeda [D 2 ) within experimental accuracy. Concerning the activation of salicylaldiminato Ni(II)-Me species for catalysis, by comparison to a tmeda-free system, the presence of tmeda results in a retardation due to equilibrium formation of 1-κ 2 -tmeda, which itself apparently is dormant for insertion of ethylene. 20 At the same time, however, the κ 2 -tmeda species is reactive for hydrolysis as a deactivation reaction (and also bimolecular deactivation, see above).
Decomposition of Higher Ni(II)-Alkyls. As outlined, the bimolecular homocoupling of Ni(II)-methyl moieties to ethane is a relevant decomposition pathway specific to precursor Ni(II)-methyl complexes. This raises the question for a corresponding reactivity of higher alkyls, Ni(II)-R Figure 2 . Typical high-field 1 H NMR chemical shift region of Ni(II)-alkyls 2-dmso and 2-κ 2 -tmeda prepared in an NMR tube in dmso-d 6 at T = 55°C (spectrum shown acquired at 25°C).
Scheme 3. Dynamic Processes of 2-dmso and 2-κ 2 -tmeda Observed by 2D ROESY at T = 25°C (19) An averaged value of 1.9 Â 10 -4 M -1 s -1 was calculated independently for k hydr,1-tmeda from initial rates of methane formation r CH3D and initial concentrations of 1-tmeda and D 2 O according to (R > Me), which are the active species in ethylene polymerization. In the absence of tmeda, 13 a homocoupling of higher Ni(II)-alkyl moieties had not been observed (but higher Ni-(II)-alkyls coupled with Ni(II)-Me present). However, the formation of alkanes from the bimolecular coupling reaction of Ni(II)-alkyl with Ni(II)-hydride species, formed by β-H elimination, was found to be a relevant deactivation pathway intrinsic to neutral Ni(II) catalysts. In view of the specific involvement of tmeda coordination in deactivation reactions of Ni(II)-Me species, namely, both bimolecular elimination of ethane and hydrolysis, the effect of tmeda on deactivation of the active species occurring during polymerization was studied.
The gradual formation of CH 4 and C 2 H 6 was observed from solutions of dmso-and tmeda-coordinated Ni(II)-methyl and Ni(II)-ethyl species in the presence of ethylene under nonaqueous reaction conditions at T=55°C (see 1 H NMR spectrum at the top of Figure 5 ). The addition of increasing amounts of water (D 2 O) resulted in the formation of CH 3 D (see above) in addition to CH 4 and C 2 H 6 (see 1 H NMR spectrum at the bottom of Figure 5 ), but no hydrolysis products of higher Ni(II)-alkyl species, e.g., C 2 H 5 D, were detected.
Summary and Conclusion
The NMR spectroscopic studies reported reveal the very specific nature and reactivity of tmeda-coordinated salicylaldiminato Ni(II)-alkyl complexes, which are highly reactive and versatile intermediates for preparative organometallic chemistry as well as olefin polymerization catalysis.
The NMR spectrocopic studies of the Ni ( The exposure of dmso solutions of 1-tmeda to ethylene in an NMR tube resulted in the partial reaction of 1-tmeda (at a very low degree of conversion of ∼10% of Ni(II)-methyl) to form propylene and the dmso-and tmeda-coordinated Ni(II)-ethyl species 2-dmso and 2-κ 2 -tmeda at 55°C, which were observed in a close to 1:1 equilibrium mixture after cooling of the sample to 25°C, demonstrating that κ 2 -coordination of tmeda is a relevant binding mode also in higher Ni(II)-alkyl species. Ethylene is catalytically dimerized to butenes. The interconversion of R C and β C moieties of 2-κ 2 -tmeda apparently proceeds slowly as compared to the corresponding interconversion observed for 2-dmso and the ligand exchange of tmeda vs dmso between the Ni(II)-ethyl species. Studies of the binding affinities of tmeda toward Ni-(II)-alkyls in dmso-d 6 (methanol-d 4 ) solution, quantified as the equilibrium constants K Me (T) and K Et (T) by variabletemperature 1 H NMR spectroscopy, showed that the coordination of tmeda is favored by ∼2-3 oders of magnitude over the solvent complexes for temperatures from 25 to 55°C. Overall, by comparison to the analogous tmeda-free system, 13 the formation of tmeda complexes merely retards the ethylene insertion reactions, for which the κ 2 -tmeda species appear to be unreactive, i.e., dormant. However, tmeda specise are actively involved in deactivation reactions.
Bimolecular coupling of Ni(II)-methyl moieties to ethane is a relevant deactivation pathway of 1-tmeda under the reaction conditions studied. An Eyring analysis of second-order rate constants of ethane formation, k Me-Me,1-tmeda (T), afforded activation parameters ΔH q = 97 ( 7 kJ mol -1 and
. These differ substantially from ΔH q =57 ( 1 kJ mol -1 and ΔS q =-(129 ( 2) J mol -1 K -1 in the absence of tmeda. This demonstrates that dissociation of coordinated tmeda presumably occurs in a concerted fashion with the rate-determining step of the overall reductive coupling reaction. A tentative explanation for the higher enthalpy is the need for breaking of Ni-N bonds to tmeda, which is partly compensated by the degrees of freedom gained by opening of the rigid five-membered κ 2 -tmeda chelate. In the presence of water, hydrolysis of the Ni(II)-Me bond occurs to a significant extent in dmso solutions of 1-tmeda. This contrasts with the behavior of the analogous tmeda-free system, for which no substantial hydrolysis occurred under identical conditions. Likely, the hydrogenbonding capability of free amine moieties is relevant, e.g., interaction with water in the intermediate 1-κ 1 -tmeda (or in 1-κ 2 -tmeda) could promote water coordination and hydrolysis. Quantitative kinetic data of the time-dependent formation of methane (r CH3D ) from aqueous (D 2 O) dmsod 6 solutions of 1-tmeda in the presence of ethylene at T= 55°C are consistent with a rate law r CH3D =k hydr,1-tmeda [1-tmeda] 
. Splitting of observed pseudo-first-order rate constants for the disappearance of the total Ni(II)-methyl resonance of 1-tmeda (as the sum of 1-dmso and 1-κ 2 -tmeda) into the contributions of ethylene insertion and Ni(II)-methyl bond hydrolysis according to k obs,Me,1-tmeda = k ins,Me,1-tmeda + k hydr,1-tmeda [D 2 O] confirmed that the insertion rate constant k ins,Me,1-tmeda is invariant irrespective of the absence or presence of water.
In contrast to the promotion of irreversible decomposition of Ni(II)-Me complexes in the presence of tmeda by hydrolysis as well as bimolecular coupling of tmeda complexes, no evidence for an analogous enhancement of decomposition of higher alkyl (R > Me) complexes, which are the intrinsic intermediates of polymerization catalysis, was observed under the conditions studied. By contrast to CH 3 D formation from 1-tmeda, no hydrolysis products of higher Ni(II)-alkyl species were observed. Mixtures of Ni(II)-methyl (1-κ 2 -tmeda and 1-dmso) and Ni(II)-ethyl species (2-κ 2 -tmeda and 2-dmso) gradually decomposed via bimolecular elimination reactions involving either unreacted Ni(II)-methyl or Ni(II)-hydride species to form CH 4 and C 2 H 6 , consistent with observations of solutions of Ni(II)-alkyls in the absence of tmeda.
In summary, these findings reveal that tmeda, which is introduced in the synthesis of Ni(II) complexes and also in in situ catalysts via the reactive and versatile precursor [(tmeda)Ni(CH 3 ) 2 ], is not an innocent and relatively weakly coordinating ligand but can displace chelating formally monoanionic ligands and specifically promotes irreversible decomposition of Ni(II)-Me species by hydrolysis as well as bimolecular reductive coupling.
Experimental Section
All manipulations of air-and moisture-sensitive substances were carried out using standard Schlenk, vacuum, and glovebox techniques under argon or dinitrogen. Deuterated solvents (purity and degree of deuteration g99.5%) were purchased from Eurisotop. All solvents were thoroughly degassed and saturated with argon prior to use. Dimethyl sulfoxide was distilled from 4 Å molecular sieves or freshly calcined CaO, toluene-d 8 was distilled from a NaK alloy, and methanol-d 4 was used as received. The salicylaldimine (N,O)H, 1-C(H)dNAr-2-OH-3,5-I 2 C 6 H 2 (Ar=2,6-(3,5-(F 3 C) 2 C 6 H 3 ) 2 C 6 H 3 ), and 1-tmeda were prepared by modification of reported procedures.
7h
[(tmeda)NiMe 2 ] was purchased from MCAT (Konstanz) and stored at -30°C in a glovebox. Ethylene of 3.5 grade supplied by Gerling Holz + Co was used as received. NMR spectra were recorded on a Varian Inova 400 spectrometer equipped with either a direct or indirect detection broadband probe, or a Bruker Avance DRX 600 instrument equipped with an H/C/N-TXI inverse probe. C-HMBC, ROESY, NOESY, and TOCSY NMR spectra. In order to avoid TOCSY artifacts during ROESY, a 180 x -180 -x spin lock scheme was employed. 21 When necessary, high-intensity signals of the solvent, tmeda, and butenes were suppressed by presaturation 22 at multiple irridiation frequencies and/or WATERGATE. 23 An overall recycle delay of 7 and 5 s was applied for the collection of 1 H and 13 C NMR spectroscopic data, respectively. In general, variable-temperature NMR spectroscopy was carried out with prior temperature determination using a sample of neat methanol (T e 40°C) or ethylene glycol (T g 40°C). NMR spectra were processed and analyzed with MestreNOVA (v5.3.0) . Gel permeation chromatography (GPC) was carried out in 1,2, 4-trichlorobenzene/0.0125% BHT at 160°C at a flow rate of 1 mL min -1 on a Polymer Laboratories 220 instrument equipped with Olexis columns with differential refractive index, viscosity, and light-scattering (15°and 90°) detectors. Data reported were determined via triple detection employing the PL GPC-220 software algorithm. The instrument was calibrated with narrow polystyrene and polyethylene standards; data given are referenced to linear polyethylene. Differential scanning calorimetry (DSC) was measured on a Netzsch DSC 204 F1 instrument with a heating/ cooling rate of 10 K min -1
. DSC data reported are from second heating cycles.
Characterization of 1-κ 2 -tmeda. 1 H NMR (dmso-d 6 , 600 MHz, 25°C): δ 11.08 (s, 1H, H7); 8.24 (br s, 4H, H15, 21, 23, 29); 7.90 (br s, 2H, H18, 26); 7.77 (d, 3 J H-H =7.6 Hz, 2H,
